Over 150 sites in the parklands of southeast Washington, D.C., were examined for the presence of inhabitants of seepage springs and associated groundwater habitats-the hypotelminorheic. Three species predominated-the isopod Caecidotea kenki and the amphipods Crangonyx shoemakeri and Stygobromus tenuis sensu lato. C. shoemakeri and Stygobromus rarely occurred together, in part because of different habitat preferences. Based on stepwise logistic regression, Stygobromus preferred cooler water with lower specific conductance, and Crangonyx preferred warmer waters. Seven environmental parameters-temperature, temperature deviation from average, radon, specific conductance, DO, pH, and depth of clay layer-could not distinguish between inhabited and uninhabited sites, suggesting that most sites studied are potential habitats. Nearest neighbour analysis of Stygobromus sites showed them to be significantly farther apart than either Caecidotea or Crangonyx sites, suggesting that they are limited in dispersal ability. Overall, all three species appear to form meta-populations, and so the protection of all sites, not just currently occupied sites, is important. 
of Croatia and their own studies in Slovenia and the United States, defined the habitat as
• a perched aquifer fed by subsurface water that creates a permanent wet spot, with an apparent drainage area of 1 ha or less;
• underlain by a clay or other impermeable layer typically 5 to 50 cm below the ground surface;
• rich in organic matter compared with other aquatic subterranean habitats, typically with blackened leaves at the seepage spring.
From a hydrogeological perspective, seepage springs are not major in terms of the water budget. However, from a biological point of view, the fauna of these seepage springs and associated basins holds considerable interest. SSHs are replicated natural laboratories for the study of adaptation (e.g., Culver, Holsinger, Christman, & Pipan, 2010) . Additionally, species limited to hypotelminorheic habitats usually have highly restricted ranges, sometimes occurring in only a single locality (Culver, Holsinger, & Feller, 2012) , making them high-priority conservation targets. For example, the hypotelminorheic amphipod Stygobromus hayi is on the endangered species list and is limited to sites in Washington, D.C. The lower Potomac basin, in and near the Washington, D.C., metropolitan area, harbours the most diverse assemblage of hypotelminorheic organisms in the world, including seven species in the genus Stygobromus (Holsinger, 2009; Pavek, 2002; Pipan et al., 2012) .
In spite of the biological and conservation interest of these species, remarkably little is known about the hypotelminorheic community beyond the distribution of species (see Culver et al., 2012 , for a summary), and a more detailed knowledge of the habitat itself is needed.
Uncharacterized features of hypotelminorheic habitats include the (a)
residence times of the water in the seeps themselves and in the perched aquifers that feed them, (b) drainage basin sizes, and (c) connections, if any, with deeper groundwater. Clay beds, which hold moisture well and prevent water from draining into the geological units below, can provide a refuge for hypotelminorheic species during dry periods in the summer and fall. Some basic hydrogeological characterization of hypotelminorheic habitats in the lower Potomac basin was recently conducted by Staley (2016) , who found that the drainage area could be larger than originally proposed, up to 2 ha for Burnt Mill Spring in Maryland and that the clay bed underlying the perched aquifer occurred from near the surface to depths of up to 10 m in some cases.
Landscapes with a shallow clay can be envisioned as a mosaic composed of individual seepage springs and associated hypotelminorheic habitats with varying degrees of hydrologic connectivity. Depending on the species, dispersal between habitat patches can be through leaf litter, through surface water, shallow groundwater, or deeper clay layers (Staley, 2016) . The inhabitants of the hypotelminorheic, by this model, form meta-populations. Each subpopulation is small in size and extent and depends on the stream of migrants for continued survival (Levins, 1969) .
1.2 | Hypotelminorheic species found in the Washington, D.C., area
In the Washington, D.C., region, studies of the fauna of the hypotelminorheic and its ecotone with the surface ecosystem, seepage springs, have focused on the genus Stygobromus (Feller 1997 , Hobson 1997 , Culver & Šereg, 2004 , both because of the rarity of some species and their highly modified morphology. However, there are a number of other species that occur in these SSHs (Hutchins & Culver, 2008; Pipan et al., 2012) . For example, large populations of the amphipod Crangonyx shoemakeri (Shoemaker's Crangonyctid) are often present in seepage springs (Hubricht & Mackin, 1940) . C. shoemakeri is also common in wetlands, as are many other species in the genus (Boix & Batzer, 2016 , Zhang 2003 . This species shows some morphological modification for subterranean existence (it retains small eyes but little pigment). Several other amphipod species in the genera Crangonyx and Gammarus are found occasionally but do not seem to form persistent populations (Pipan et al., 2012) . The isopod Caecidotea kenki (Bowman) is common in many seepage springs year-round (Bowman, 1967; Fong & Kavanaugh, 2010) , and in areas such as Rock Creek Park, it is nearly ubiquitous. Relative to other surface-dwelling Caecidotea, it has reduced but not absent eyes and pigment .
Several other Caecidotea species are occasionally present, as are some aquatic insect species (Hobson 1997) . According to the standard terminology for the ecological classification of subterranean animals (Culver and Pipan 2009) , Stygobromus species and C. kenki are stygobionts, C. shoemakeri is a stygophile, and the others are occasional visitors (stygoxenes).
| Challenges of seepage spring sampling
Although it is relatively easy to describe the hypotelminorheic habitat and its associated seepage springs, it is not easy to distinguish these habitats in the field from other small bodies of water, especially residual rainwater pools persisting in areas of poor drainage. For larger seepage springs, this is not a problem, but there are many small bodies of water of uncertain provenance. Physico-chemical markers, such as higher specific conductance, stable temperatures close to mean annual temperature, and elevated concentrations of radon, a radioactive noble gas naturally produced in most aquifers (Burnett et al., 2006; Cable, Burnett, Chanton, & Weatherly, 1996) , are all potential indicators of longer residence time in the ground and thus groundwater. In addition, the distribution of seepage springs and other small bodies of water across the landscape has never been assessed. We do not know if these habitats are common or rare.
Faunal sampling is also difficult. In spite of attempts to use baited traps and mechanical samplers such as the Bou-Rouch pump (Bou & Rouch, 1967) , hand sampling by direct examination of leaves and other debris is the most effective method of finding amphipods and isopods (Culver & Šereg, 2004) . In the D.C. area, effective hand sampling is limited to between December and April, when seeps are flowing and not obscured by vegetation. In practice, two to five individuals walked paths parallel to the transects. Any potential seep within visual range of the individuals was sampled. Although we may have missed a few potential seeps between transect lines, we aimed for complete coverage. All sampling was done between November and early April, the period when seeps were typically flowing and easier to locate and sample.
All sites were geo-referenced using Trimble Geo XH™, and data were archived in a geodatabase in ArcMap™ 10.3 (ESRI, Redlands, CA). ArcMap™ 10.3.1 was used to display the georeferenced points.
No digital location data are given in this report because of the sensitive nature of these habitats. Interested individuals should contact the biologist at NACE for more information.
| Chemical and physical measurements
At each potential hypotelminorheic site, a suite of parameters was measured at the seepage spring:
3. Specific conductance (mS cm The first four measurements were taken with a Y56 MPS meter, which was calibrated every 1 to 2 weeks using standards (4, 7, and 10 standards for pH and % of DO and a 998 micromho cm −1 standard for specific conductance) to ensure accurate readings. At each site, the probe sensors were fully submerged for at least 10 min until readings stabilized. If there was not enough water to submerge the probe, a hole was made with a soil auger (3.2 cm AMS™), allowed to fill with water, and the probe was submerged in the hole. Clay layer depth was measured using the AMS 3.2 cm gauge auger. In addition to temperature per se, the deviation of the seep's water temperature from the mean daily air temperature, which would be expected to be highest for water bodies with a high degree of groundwater influence, was calculated as the absolute value of the difference in recorded temperature and mean daily air temperature (NOAA National Weather Service taken at Reagan National Airport).
Radon analysis was conducted using a RAD7 Radon Detector with RAD-H2O accessory, following the instructions in the product manual (Durridge.com); 250-ml grab samples from each seep were collected in gas-tight glass bottles. Samples were generally run within 72 hr of collection and were corrected for radon decay between collection and analysis. The RAD7 reports the analytical uncertainty for each counting period, and the detection limit was determined as the lowest Rn activity for which the uncertainty was less than the mea-
. Any result below the detection limit was assigned a standard value of half of the said limit (80 Bq m −3 ).
During this study, several other variables were measured (see Keany, 2016) . These included nitrate and phosphate concentrations (measured using a Systea Easychem+™ discrete analyser) and hydraulic specific conductance. Hydraulic conductivity was estimated from soil samples taken at each site using a soil auger or a screw soil corer; each sample was weighed before and after drying overnight in a 90°C oven overnight to determine water mass. The dry soil was then processed through seven sieves to obtain grain size, which was then used in combination with water mass to calculate hydraulic conductivity using Hazen's empirical formula (Hazen, 1892) . Preliminary analyses indicated that these measurements were noninformative so they were dropped from our protocol. Other site measurements-the presence or absence of blackened leaves, the presence or absence of flowing water, and the presence or absence of a visible exit-proved to be too subjective and difficult to determine accurately.
| The fauna
Amphipods and isopods were collected by hand sampling. Handfuls of leaves and mud were checked thoroughly in white sorting pans. Previous studies (Culver & Šereg, 2004) Holsinger's (1967 Holsinger's ( , 1978 Holsinger's ( , 2009 The spatial pattern of occurrence of each of the three genera was compared with the spatial pattern of the occurrence of inhabited
seeps. An analysis of variance of log 10 -transformed distance was used to test the effect of taxon on the mean distance between seeps with nearest neighbours. Log 10 distances were normally distributed, as tested by the Shapiro-Wilk test (Shapiro & Wilk, 1965) . 
| RESULTS
A total of 130 potential seeps were located (Figure 1 ), of which 55 were inhabited by one or more seep inhabitants (Caecidotea, Crangonyx, and Stygobromus). Inhabited seeps occur throughout the area studied, but they were especially concentrated in the Magnolia Bog area of Oxon Run Parkway and in Shepherd Parkway. Three species were codominant-C. kenki, C. shoemakeri, and Stygobromus tenuis group (Table 1) .
The species identity of Stygobromus is not certain. According to Hobson cies. Most of the specimens collected were immature and could not be keyed out using Holsinger's (1967 Holsinger's ( , 1978 keys. In any case, it is a single species that is present.
The three species were not distributed at random with respect to each other. In particular, Stygobromus and Crangonyx occurred together less frequently than expected, as did the triplet of all three species (Table 1) The S. tenuis group species is present throughout the study area and is particularly common in Shepherd Parkway (Figure 2 ). It occurred in 23 of the inhabited sites (Table 1) . Elsewhere in the immediate region, including the Rock Creek Park and the George Washington Memorial Parkway, S. tenuis potomacus predominates among Stygobromus species . Other species found in the adjoining areas include S. hayi, S. kenki, S. pizzinnii, and S. sextarius/i> Culver & Šereg, 2004) .
C. shoemakeri also occurred throughout the study area but was particularly common in the Magnolia Bog of Oxon Run Parkway (Figure 3) . It was the most frequently encountered species, occurring in 31 of 55 occupied sites (Table 1) (Table 1) . It was especially uncommon in Shepherd Parkway (Figure 4 ). Nearest neighbour distances of both C. kenki and C. shoemakeri were very similar-37 m for C. kenki and 55 m for C. shoemakeri. The nearest neighbour distances were nearly three times as large for Stygobromus, and this difference was statistically significant (Table 2) .
At least partial physico-chemical data were available for 157 seeps, including 37 that were not georeferenced (Table 3) . Differences between groups were slight, but inhabited seeps had lower temperatures, a smaller deviation from the average daily temperature, higher specific conductance, lower pH, higher DO, shallower clay layer, and higher radon levels. Stygobromus sp., which has the most FIGURE 2 Distribution of Stygobromus tenuis group Based on stepwise logistic regression, no single variable or combination of variables was able to distinguish those sites with at least one of the three species of seep taxa from those that had none, and indeed, none of the variables was even promising, based on the chisquare test (Table 4) . No probabilities reached the threshold for entry of 0.15.
In contrast, for the two amphipod species, at least one environmental variable did distinguish the presence of the species among sites occupied with one of the three taxa. In the case of Stygobromus, two variables-temperature and specific conductance-provided the best model, which successfully predicted the observed presence or absence 87.1% of the time. The two variables were equally strong predictors, based on their standardized estimates (Table 5) , and the probability of occurrence of Stygobromus increased with decreasing temperature and specific conductance.
In the case of C. shoemakeri, the model correctly predicted the presence or absence 84.7% of the time, based on temperature and the absolute difference in water temperature and the daily air temperature (Table 6 ). The strongest effect was due to temperature, and the response to temperature was the opposite of that seen for Stygobromus, with the probably of presence of Crangonyx increasing with increasing temperature. The pattern was the same for absolute temperature difference, with probabilities increasing with increasing difference.
There was no statistically significant environmental variable that predicted the presence or absence of C. kenki in occupied sites.
4 | DISCUSSION 4.1 | What constitutes a seepage spring and a hypotelminorheic habitat?
In principle, it is easy to define a hypotelminorheic habitat and its exit to the surface-the seepage spring. The key component of the hypotelminorheic, compared with other small bodies of water present in the landscape, is that the source of the water in the seepage spring is shallow groundwater. Several of the physico-chemical measurements were measured in order to distinguish meteoric water from groundwater: water temperature, absolute temperature difference (between water temperature and the average daily temperature), and specific conductance. Overall, none of these factors or any other factor that we measured distinguished between occupied and unoccupied seeps. Given that there were differences between Stygobromus sp. and C. shoemakeri sites, this was unexpected. It is possible that sites found without inhabitants were not necessarily unfit seeps but were either unoccupied at the time of collection or were uncollected.
Obligate groundwater organisms such as S. tenuis may emerge from FIGURE 3 Distribution of Crangonyx shoemakeri the aquifer into the seepage spring during cooler times and retreat into the aquifer during warmer times (Fong & Kavanaugh, 2010) , meaning that when they are not observed, it may be because they have migrated to a distinct but connected part of the same habitat.
The same may hold for C. shoemakeri; however, this has not been tested. C. kenki appears indifferent to temperature at least with respect to its presence in seeps (Fong & Kavanaugh, 2010) and may in fact be an inhabitant more of the seepage spring than the hypotelminorheic . The hypothesis that most of the "unoccupied" sites actually harbour these organisms in the connected aquifer could be tested by assessing the presence of environmental DNA. Probes already exist for S. tenuis potomacus and S. hayi, and the technique has been used successfully (Niemiller et al., 2017 (Table 1) . There is some niche separation between the two species, probably the result of past and ongoing competition. Whatever the cause, Stygobromus tends to be found in seepage springs with lower temperatures and lower specific conductance (Table 4 ). The association with lower temperatures is not surprising and is in agreement with the findings of Fong and Kavanaugh (2010) that abundance of S. tenuis potomacus in seepage springs increases with decreasing temperature.
The negative association with specific conductance is somewhat puzzling. Because Stygobromus presence is not associated with other surrogate measures for residence time, the cause of the correlation may lie elsewhere. Perhaps high conductivity sites were less suitable because they were contaminated by road salt. C. shoemakeri tends to be associated with increased temperature and decreased difference between water temperature and mean daily temperature. Both of these are consistent with the wetlands lineage of C. shoemakeri, compared with the subterranean lineage of Stygobromus. Finally, C. kenki appears to be a generalist, and no parameter was a good predictor of its presence or absence. Culver et al. (2012) suggest that C. kenki is a seepage spring specialist, rather than a hypotelminorheic specialist. Fišer et al. (2010) , in a study of the fauna of seeps and springs near Kranj, Slovenia, found that Nipharagus slovenicus and N. sphagnicolus do not co-occur in the same habitat and that pH is the best predictor of where each species occurs. Both species were found in both springs directly connected to Stygobromus does not tend to occupy neighbouring seepage springs.
The average distance between Stygobromus sites (nearest neighbour distance) is roughly three times that of the other two species (Table 2) ; this is likely because it is unable to disperse through surface habitats and is bound to the underlying aquifer, making it a true hypotelminorheic species. This corresponds to its troglomorphic morphology, with no eyes or pigment, and elongated antennae and appendages (Culver et al., 2010) . Threats to these habitats and communities include habitat destruction, water quality degradation, and sediment carried by stormwater run-off, which can clog the interstices where hypotelminorheic species live (U.S. Fish and Wildlife Service, 2007, 2016) . Because seepage springs are aquatic habitats, the emphasis has been on the threats posed by alteration of water quality and quantity in major streams, such as Rock Creek. However, because they are such superficial habitats, they also have an intimate connection with the forest litter, and it seems likely that dispersal can occur through the leaf litter, especially at times of heavy precipitation resulting in sheet flow. The demonstration by Fong and Kavanaugh (2010) that the appearance of S. tenuis potomacus is temperature dependent and that their appearance is likely the result of active foraging points to a critical role of the forest litter. We know of no examples of seepage springs with either amphipods or isopods in areas lacking a canopy.
Just as water quality and quantity are important, the integrity of the canopy and the forest litter is also important to the survival of seepage spring communities.
Finally, the mosaic of seepage springs and hypotelminorheic habitats forms a meta-population (Levins, 1969) , and in the case with metapopulations, not all sites will be occupied at any one time, but reducing the number of sites threatens the entire meta-population. Therefore, all surveyed sites, including those found without inhabitants, were included in a preliminary map of critical habitat ( Figure 5 ). Given that the average size of a hypotelminorheic basin is roughly a hectare (Staley, 2016) , 50-m buffers were used to ensure sufficient protection.
All activities within these zones should be curtailed to protect these rare and unique organisms. Special attention should be given to those sites close to major roadways in hopes of diminishing excessive road salt and run-off from entering the seeps. Stormwater projects near seeps should be prioritized for restoration to reduce the damaging run-off that destroys seeps along with removing soil. Finally, the National Environmental Policy Act review for all development projects should consider potential effects to seeps and their inhabitants.
